A new apparatus with Knudsen effusion method especially designed for the vapour pressure measurements of dioxin congeners and other POPs is described. Crystalline benzoic acid and anthracene were first used to test the new designed apparatus. The vapour pressure and enthalpy results of the two reference compounds were found in good agreement with accepted literature data. The vapour pressure and enthalpy results of crystalline DD, DF, OCDD and OCDF determined with the new apparatus are presented, and compared with the literature data measured with other methods.
Introduction
Polychlorinated dibenzo-p-dioxins/dibenzofurans (PCDD/ Fs) are worldwide encountered toxic substances known as persistent pollutants. PCDD/Fs are mainly trace by-products of industrial processes. A variety of thermal and metallurgical processes, such as incinerators for municipal waste, metal scrap smelting, sintering plant of iron and steel industry, facilities of non-ferrous metal industry, cement kilns and power plant etc., have been identified as point sources of dioxins. Due to dramatic reduced emission from waste incinerators, the other industrial processes became significant sources of PCDD/Fs. Therefore, it is essential necessary to turn attention to the dioxins emission from those processes.
Vapour pressure is an important physicochemical parameter to predict the behaviours of PCDD/Fs in the environment. It is a significant factor for predicting atmospheric concentrations and modelling incineration behaviours. However, PCDD/Fs are extremely low volatile substances, e.g. the vapour pressure of 2,3,7,8-TeCDD is in the range of 10 −7 to 10 −8 Pa at 298 K. 1) It is difficult to obtain precise data for such low vapour pressure, and the values cited in the literature sometimes show a difference of 2 to 3 orders of magnitude among different researchers. 2, 3) A low vapour pressure can be measured by the gas saturation method, the Knudsen effusion method and the vapour pressure balance method. In fact, such measurements are rare for PCDD/Fs, because of the low volatility, high toxicity and cost. Rordorf, however, has measured some PCDD/Fs vapour pressures by the gas saturation method. [4] [5] [6] [7] Knudsen effusion method is one of the most accurate techniques for measuring the vapour pressure of a low-volatility substance, and has long been employed for this. There are numerous references using this method, and many researchers have used it to determine the low vapour pressures of organic compounds, [8] [9] [10] [11] although it has still not been applied * Corresponding author; E-mail: lixw@mail.iamp.tohoku.ac.jp for PCDD/Fs. To obtain precise vapour pressure data and assess the available information, the present study employed the Knudsen effusion method to determine the vapour pressures and enthalpies of sublimation of dibenzo-p-dioxin (DD), dibenzofuran (DF), octachlorodibenzo-p-dioxin (OCDD) and octachlorodibenzofuran (OCDF).
Experimental

Samples
Benzoic acid (Aldrich Chem. Co., mass fraction 0.99+) and anthracene (Aldrich Chem. Co., mass fraction 0.99+) were used as reference compounds to test the apparatus. Samples of the four PCDD/Fs used for this study were dibenzop-dioxin (DD) (Wako Pure Chemical Industries, Ltd., mass fraction 0.97), dibenzofuran (DF) (Wako, mass fraction 0.98), octachlorodibenzo-p-dioxin (OCDD) (Radian Corporation, mass fraction 0.99), and octachlorodibenzofuran (OCDF) (Radian, mass fraction 0.98). All the samples are crystalline solid.
Apparatus and procedure
The vapour pressures were measured by Knudsen effusion method using the apparatus shown in Fig. 1 . The apparatus is especially designed for vapour pressure measurements of dioxin congeners and other persistent organic pollutants (POPs). Due to high toxicity and high cost, the sample amount used in each experiment has to be as small as possible, so that size of Knudsen effusion cell should also be as small as feasible.
The sample container known as a Knudsen cell is shown in Fig. 2 The sample was first ground into powder, and then charged and compressed in a thin layer on the bottom of the effusion cell, so as to get a flat surface and good heat transfer. After charging the sample, the Knudsen cell (9 in Fig. 1 ) was hermetically sealed by a special presser, and was hung on the hook of a calibrated microbalance 1 (METTLER TOLEDO MX5 Microbalance) by a long chain at the centre of the Pyrex tube 8. The Pyrex tube 8 is 600 mm long and has an internal diameter of 14 mm. Precision of the calibrated microbalance 1 is one microgram. A high vacuum (less than 10 −2 Pa) of the system was established by a rotary pump 4 (DUO 2.5A, Balzers) and a turbo molecular pump 5 (TCP Balzers). Mass loss of the samples was continuously collected by the data system 10 on line, and an ionisation vacuum gauge 3 connected to the high vacuum chamber 2 measured the vacuum of the system.
The high accuracy oil bath 7 (THERMO OH-16, TAITEC Co., Ltd, Japan) can maintain a constant temperature with an accuracy of ±0.03 K to ±0.1 K in the temperature range of 298 to 523 K. Accuracy of the effusion cell temperature is of vital importance, so the temperature at the cell hanging position was measured by a calibrated platinum resistance thermometer 6.
Treatment of results
The measurement of the mass loss ∆m (kg) of the samples in a specified period of time t (s) at a constant temperature T (K) enables us to evaluate the vapour pressure using the effusion eq. (1). 12, 13) 
where P K (Pa) is the vapour pressure near the orifice, K C is the Clausing factor, A o (m 2 ) is the area of the orifice, M (kg·mol −1 ) is the molecular mass of the effusing vapour, and R (8.314 J·mol −1 ·K −1 ) is the gas constant. Accurate K C is cited in the literature.
12)
The Knudsen cell, because of the continuous loss of vapour through the orifice, is not really an equilibrium system. The vapour pressure P K calculated from rate of effusion may thus be less than the equilibrium pressure P eq that a substance would exhibit in a completely closed system. Using different approaches, Whitman 14) and Motzfeldt 15) both arrived at the conclusion that the measured pressure P K is related to the equilibrium vapor pressure P eq by
where A S is evaporating sample area, α is vaporisation coefficient, the factor W is the Clausing coefficient for the cell itself, and W = D/2H . For a cylindrical Knudsen cell in which height equals diameter, that is, W = 0.5, the Whitman-Motzfeldt equation can be rewritten as
For typical Knudsen cell dimensions,
1, and therefore P eq ≈ P K . The experimental error is great enough to mask the difference between P eq and P K . This study thereby employed eq. (1) to evaluate vapor pressure of samples.
The sublimation enthalpy of the sample can be obtained using the Clausius-Clapeyron eq. (4).
The experimental results were plotted into a natural logarithm of vapour pressure (ln p) vs. 1/T , the slope of the straight line was ∆ sub H/R, and the intercept was ∆ sub S/R. The enthalpy and entropy of sublimation obtained by this method referred to the mean values in the experimental temperature range.
Results and Discussion
This study employed benzoic acid and anthracene to test the performance of the apparatus described above. Both ben- zoic acid and anthracene are recommended as reference materials for the measurements of low vapour pressure and sublimation enthalpy. 16) The use of benzoic acid as a reference material has been questioned because of the possibility of association of the acid in the gas phase. However, it continues to be used as a reference materials and all available experimental evidence suggests that it is a suitable reference material. Murata et al. 21) have reported that the degree of dissociation of the dimer in the saturated vapour to be higher than 0.997 at 298.15 K, it means that the fraction of benzoic acid molecules (as monomers) which form the dimer in the saturated vapour at 298.15 K is smaller than 0.3%. Unfortunately there is no report on the dimer fraction in the saturation PCDD/Fs vapor. However, the structure of benzoic acid is coplanar, similarly PCDD/Fs are coplanar structure, and the experimental temperatures are much higher than 298.15 K, therefore the fraction of dimer in the saturation PCDD/Fs vapour was believed to be neglectable.
Vapour pressure Measurements of benzoic acid and anthracene with the present apparatus were made in the temperature range of 299 to 323 K and 348 to 368 K, respectively. The experimental results of vapour pressure are listed in Table 1 .
The vapour pressures and sublimation enthalpies of benzoic acid and anthracene have been measured by a variety of Dibenzo-p-dioxin Table 2 . Table 2 shows that the vapour pressure and sublimation enthalpy results of benzoic acid and anthracene measured with the present apparatus are in good agreement with accepted literature data.
The testing results of the compounds give us confidence in the present apparatus, which has the advantages of accurate online mass loss determination, vapour pressure measurements at different temperature within an experiment, and much smaller sample amount and shorter experimental time than other such studies.
The experimental results of the vapour pressures for DD, DF, OCDD and OCDF are summarised in Table 3 . For comparison, the data reported in the literatures are plotted together in Figs. 3, 4, 5 and 6 , respectively, although not many are available. method by Rordorf. 3) By fitting the experimental results to the Clausius-Clapeyron eq. (4), sublimation enthalpy of DD calculated from the vapor pressure results is (93.61 ± 1.17) kJ·mol −1 . This value is comparable to 92.25 kJ·mol −1 obtained by Rordorf.
3)
For DF vapour pressure, the results at low temperature measured by this study are also in good agreement with the data by Rordorf.
3) The values measured with gas saturation method by Hansen and Eckert 17) are much lower than the two studies as shown in Fig. 4 . The sublimation enthalpy of DF obtained by this study is (82.15 ± 1.46) kJ·mol −1 , this value is slightly lower than that by Rordorf and higher than that by Hansen and Eckert as shown in Table 4 . Figure 5 (a) compares the results of this study and the data of Rordorf.
3) Using the regression method of vapour pressure and GC retention indexes, Eitzer and Hites 2) obtained the vapour pressure value of 2.75 × 10 −6 Pa for supercooled liquid state OCDD at 298 K, this value is also shown in Fig. 5 .
As shown in Fig. 5(b) , in the experimental temperature range, vapour pressure values of OCDD obtained in the present study are not so different from the data by Rordorf, 7) (both studies have the same vapour pressure value of OCDD at 458 K), but the enthalpy result is much different. The enthalpy of sublimation for OCDD obtained here is (131.14 ± 0.60) kJ·mol −1 in the experimental temperature range, much lower than 151.13 kJ·mol −1 proposed by Rordorf. For OCDF vapour pressure, Fig. 6 shows that the results of this study are in reasonable agreement with the data measured by Rordorf. 3) The enthalpy of sublimation obtained in this study is (141.72 ± 1.85) kJ·mol −1 in the experimental temperature range, slightly lower than that by Rordorf (Table 4) .
Conclusions
The experimental results of vapour pressure and enthalpy for DD, DF, OCDD and OCDF can be summarised with the following quantities: The vapour pressure and enthalpy results for DD, DF and OCDF determined by Knudsen effusion method in the present study are in reasonable agreement with the values measured by gas saturation method in the studies by Rordorf. The sublimation enthalpy result of OCDD obtained by the present study are much lower than the value measured by Rordorf, although the vapour pressure values of OCDD in the experimental temperature range are comparable with the data by Rordorf. It was confirmed that the present apparatus using the Knudsen method is suitable for the measurements of vapour pressure of dioxin congeners and other POPs. A reliable thermodynamic data set can be evaluated for major dioxin congeners and other POPs using this apparatus.
